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Abstract
The relationship between an initial mechanical event causing
brain tissue deformation and delayed neurodegeneration
in vivo is complex because of the multiplicity of factors involved.
We have used a simpliﬁed brain surrogate based on rat hip-
pocampal slices grown on deformable silicone membranes to
study stretch-induced traumatic brain injury. Traumatic injury
was induced by stretching the culture substrate, and the bio-
logical response characterized after 4 days. Morphological
abnormalities consistent with traumatic injury in humans were
widely observed in injured cultures. Synaptic function was
signiﬁcantly reduced after a severe injury. The N-methyl-D-
aspartate (NMDA) receptor antagonist MK-801 attenuated
neuronal damage, prevented loss of microtubule-associated
protein 2 immunoreactivity and attenuated reduction of syn-
aptic function. In contrast, the NMDA receptor antagonists 3-
[(R)-2-carboxypiperazin-4-yl]-propyl-1-phosphonic acid (CPP)
and GYKI53655, were neuroprotective in a moderate but not
a severe injury paradigm. Nifedipine, an L-type voltage-
dependent calcium channel antagonist was protective only
after a moderate injury, whereas x-conotoxin attenuated
damage following severe injury. These results indicate that the
mechanism of damage following stretch injury is complex and
varies depending on the severity of the insult. In conclusion,
the pharmacological, morphological and electrophysiological
responses of organotypic hippocampal slice cultures to stretch
injury were similar to those observed in vivo. Our model pro-
vides an alternative to animal testing for understanding the
mechanisms of post-traumatic delayed cell death and could
be used as a high-content screen to discover neuroprotective
compounds before advancing to in vivo models.
Keywords: calcium, electrophysiology, glutamate, immuno-
histochemistry, trauma, traumatic brain injury.
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More than 50% of all traumatic brain injury (TBI) is due to
automotive accidents (Sosin et al. 1995; Bruns and Hauser
2003), with the highest incidence in the 15- to 24-year-old
age group (Laurer et al. 2000), resulting in a high level of
disease burden in the community (Olesen and Leonardi
2003). Currently, there are no recognized treatments that
signiﬁcantly impact the disease progression. Consequently,
understanding basic mechanisms of neurodegeneration in the
setting of TBI and developing new models for TBI-speciﬁc
drug development remain a high priority. TBI is initiated by
mechanical events causing deformation of brain tissue such
as penetration, blunt trauma or acceleration (Zhang et al.
2001; Ommaya et al. 2002). Following the initial injury, a
cascade of secondary pathological events occur, which may
require hours or days to develop, ultimately leading to further
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  2007 The Authorstissue damage (Royo et al. 2003). Understanding how the
initial deformation of the brain initiates damage-cascades
which result in delayed and widespread tissue damage
remains a considerable challenge.
Finite element and physical models predict that strains of
more than 0.10 at rates greater than 10/s result in TBI
(Margulies et al. 1990; Trosseille et al. 1992; Bandak 1995;
Bradshaw et al. 2001). Precisely controlling tissue deforma-
tion in vivo is challenging. In vitro models have been
developed which induce comparable tissue strain with
greater reproducibility and precision than possible in vivo.
Contemporary models use primary cultures and induce tissue
strain through deformation of the underlying substrate (Ellis
et al. 1995; Cargill and Thibault 1996; Smith et al. 1999;
Geddes and Cargill 2001; Wolf et al. 2001; Pﬁster et al.
2003), but may be limited as they do not reﬂect the
anatomical or cellular complexity of brain tissue. Increasing
evidence suggests that TBI results in glial and neuronal
damage (D’Ambrosio et al. 1999; Graham et al. 2000;
Wilson et al. 2004). Thus, maintaining a three-dimensional
intercellular architecture may be necessary to reproduce an
accurate tissue response in vitro with ﬁdelity to the in vivo
response. Traumatic damage can be widespread throughout
the brain with diffuse axonal injury occurring at considerable
distances away from the initial injury site (King 2000) and
may result in functional changes such as post-traumatic
epilepsy (Jennett 1979; Golarai et al. 2001). To better
understand the complex pathophysiology of TBI, it may be
necessary to use a model within which the wide range of
TBI-induced changes are reproduced and within which
different cell types can be simultaneously studied in a
complex three-dimensional ex vivo brain surrogate.
We have developed a stretch injury device in which
organotypic hippocampal slice cultures can be stretched
uniformly, biaxially, accurately and reproducibly over a wide
range of clinically relevant strains and rates (Morrison et al.
2003, 2006; Cater et al. 2006). Organotypic hippocampal
slice cultures provide a system in which neuronal-glial
coupling, synaptic connectivity and anatomical organization
are maintained (Gahwiler et al. 1997). We describe here the
effects of stretch-induced injury on neurodegeneration,
functional activity and morphological changes, as well as a
neuroprotective, pharmacological proﬁle in an anatomically
complex ex vivo system.
Methods
Culturing technique
Methods to grow organotypic hippocampal slice cultures on silicone
membranes have been described in detail elsewhere (Morrison et al.
2003, 2006; Cater et al. 2006). Brieﬂy, the septal region of
hippocampi from 8 to 10-day-old Wistar rats were isolated and
sliced at a thickness of 400 lm using a McIlwain chopper (Harvard
Apparatus, Edenbridge, UK). The slices were then plated onto the
centre of a non-porous silicone membrane in custom-made stainless
steel wells (four slices per membrane). The silicone membranes
were pre-treated with a coating solution comprised of 320 lg/mL
poly-D-lysine (Sigma, Poole, UK) and 80 lg/mL laminin (Sigma).
The cultures were fed initially in NeuroBasal-A medium with B-27
supplement (Invitrogen, Carlsbad, CA, USA), 1 mmol/L glutamine
(Sigma) and 5 mg/mL D-glucose. After 2 days in vitro, the medium
was changed to serum-containing medium: 25% heat-inactivated
horse serum, 25% Hank’s balanced salt solution, 50% minimum
essential medium (ICN Biomedicals, London, UK), 1 mmol/L
glutamine and 5 mg/mL D-glucose. The medium was then changed
three times a week. To provide adequate gas exchange, wells were
rocked at 1 cycle/50 s in an incubator (100% humidity, 5% CO2 and
37 C).
Stretch injury
Organotypic hippocampal slice cultures were stretched through the
dynamic deformation of the silicone membrane. The biomechanics
of the injury and device have been reported in detail elsewhere
(Morrison et al. 2003, 2006). Brieﬂy, a stainless steel well and
silicone membrane (0.25 mm, Speciality Manufacturing, Saginaw,
MI, USA) were held in position on a heated platform by a circular
clamp and displaced over a ﬁxed, hollow circular indenter to generate
an equi-biaxial strain ﬁeld under feedback control (Morrison et al.
2003). The heated platform maintained the cultures at 37 C.
After 14 days in vitro, the viability of organotypic hippocampal
slice cultures was assessed prior to experimentation. Cultures that
were not completely adhered to the silicone membrane or that
appeared dark when viewed under the light microscope were
discarded from the study. Cultures were placed into fresh serum-
containing medium with 5 lg/mL of the exclusion dye propidium
iodide (PI; Molecular Probes, Paisley, UK) for 30 min and then
imaged using an inverted Leica DM-IRBE epiﬂuorescence micro-
scope (UK) ﬁtted with standard rhodamine optics (excitation 510–
560 nm; dichroic mirror 620 nm; emission >590 nm). Cultures
displaying any PI ﬂuorescence were discarded from the study. The
medium was then removed and the well clamped onto the injury
device. The cultures were subjected to a single stretch injury at a
speciﬁed Lagrangian strain (E) and strain rate (E¢) (Morrison et al.
2003, 2006; Cater et al. 2006). Sham injured cultures were clamped
onto the injury device for the same length of time but were not
subjected to a stretch injury.
Following the stretch insult, serum-containing medium (with
5 lg/mL PI) was immediately replaced. The cultures were then
imaged at speciﬁc time points. After the ﬁnal time point, typically
96 h, cultures were either ﬁxed in 4% paraformaldehyde for
histology and immunohistochemistry or used for electrophysiology
experiments to monitor electrophysiological activity.
Class III b-tubulin immunocytochemistry
Immunohistochemistry for neuronal class III b-tubulin was per-
formed on free-ﬂoating, whole cultures. The cultures were ﬁrst
treated with 0.5% Triton TX 100 in 0.05 mol/L Tris-buffered saline
(TBS) for 45 min, incubated in 0.01 mol/L citrate buffer for 1 h at
37 C,andthenblockedin10%normaldonkeyserumfor2 hat20 C.
Incubation with primary and secondary antibodies occurred over an
extended period (3 days at 4 C in each case) to ensure full antibody
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usedat1 : 1000(Covance,cat.no.MMS 435P)andvisualized witha
Cy2 conjugated anti-mouse IgG (1 : 100; Jackson Immunochemi-
cals, cat. no. 715 225 150). Antibodies and serum were diluted in
0.05 mol/L TBS containing 0.5% Triton TX 100, and washes were
carried out in TBS at appropriate points. After immunostaining,
cultures were mounted with their bottom surface adherent to the slide
for orientation in the image sets. Cultures were viewed on a Zeiss 510
Meta laser scanning confocal microscope. Cy2 ﬂuorescence was
detected with an Argon laser (488 nm) and 510–530 nm bandpass
emission ﬁlters. Z series of 3 lm optical sections were taken using a
40 · objective in the CA1, CA3 and the upper blade of the dentate
gyrus (DG) regions in each culture. The imaged region was selected
underepiﬂuorescencebypositioningtheﬁeldofviewinthemiddleof
the cell body region. The CA1, CA3 and DG regions were readily
identiﬁed morphologically and by the pattern of staining for bIII-
tubulin, which outlined neuronal cell body layers.
Preparation of plastic sections
A subset of cultures were processed and embedded in JB-4 plastic
embedding medium according to the manufacturer’s instructions
(Polysciences Inc., Warrington PA, USA). Embedding was carried
out anaerobically, in ﬂat-bottomed moulds (TAAB Laboratories
Equipment Ltd, Berks, UK). Subsequently, 2-lm sections were
prepared and stained with 0.1% toluidine blue in 0.1% borax.
Microtubule-associated protein 2 immunohistochemistry
To visualize the effects of stretch injury on microtubule-associated
protein 2 (MAP-2), we chose to use light microscopy with
diaminobenzidine rather than utilizing ﬂuorescence immunohisto-
chemistry as this provided adequate resolution in this case without
the need for confocal microscopy. It also enabled us to observe a
macroscopic view of the whole culture. Cultures were embedded in
embedding medium (Lamb Laboratory Supplies, Eastbourne, UK),
and 25 lm cryostat sections prepared. Alternate sections were
mounted on separate slides, of which one set was immunostained for
MAP-2, using a monoclonal anti-MAP-2 antibody (clone HM-2,
Sigma, M4403). Sections were ﬁrst placed in 0.05 mol/L TBS
containing 0.1% Triton TX 100 for 45 min, then in 1% H2O2 in
50% methanol for 30 min. After blocking in 5% normal sheep
serum in TBS with Triton, sections were incubated successively
with anti-MAP-2 antibody (1 : 500) for 90 min, then with a
biotinylated anti-mouse IgG (1 : 200; RPN 100 1V1; Amersham
Biosciences, Piscataway, NJ, USA), and ﬁnally with StreptABC-
Complex/ABC (Dako, K0377). A colour reaction was developed
using diaminobenzidine as the chromagen, and sections were
counterstained with haematoxylin and coverslipped using DPX.
Histological analysis
Examination of plastic sections and sections immunostained for
MAP-2 was carried out on a Leica light microscope using 10 · and
63 · objectives. As neurons were pre-dominantly located in the
bottom half of cultures, histological observations were carried out
on sections of tissue from this region.
Pharmacological experiments
Stock solutions of MK-801 (10 mmol/L), 3-[(R)-2-carboxypipera-
zin-4-yl]-propyl-1-phosphonic acid (CPP: 10 mmol/L; Tocris,
Bristol, UK), x-conotoxin MVIIA (CTX MVIIA: 10 lmol/L;
Caltag-Medsystems, Bucks, UK) and GYKI53655 (1 mmol/L; kind
gift from Dr Ying Chen, Eli Lilly, UK) were prepared in H2O. A
stock concentration of 100 lmol/L nifedipine (Sigma) was initially
prepared in acetone and then subsequently diluted in H2O so that the
ﬁnal concentration of acetone added to medium was 0.1% by
volume. Control experiments showed no adverse effects of this
concentration of acetone (data not shown). Organotypic slices were
pre-incubated with the indicated concentration of compound for
30 min prior to the injury. Following injury, the compounds were
added back at the appropriate concentration, and remained present in
the medium for the duration of the experiment.
Estimation of cell damage
The level of injury-induced neuronal damage was measured
according to published methods (Pringle et al. 1996; Morrison et al.
2002). Brieﬂy, transmission and PI ﬂuorescence images of the slice
cultures were taken prior to the experiment. The transmission images
were utilized in the subsequent analysis, whereas pre-injury PI
ﬂuorescence images were used to exclude any cultures exhibiting
ﬂuorescence. To determine the level of cell damage, the area of PI
ﬂuorescence within a neuronal region (CA1, CA3 or DG) above a
pre-determined threshold level was measured and then normalized to
the total area of that region as measured from the transmission image
and then expressed as a per cent of the total area, as previously
described (Morrison et al. 2002; Cater et al. 2006). Statistical
analysis was performed using a one-way ANOVA with Bonferroni’s
multiple comparison post-test where p < 0.05 was considered to be
signiﬁcant. Injured groups were compared with uninjured control
groups, and the effects of the pharmacological agents following a
speciﬁc injury were compared with the untreated, injured groups.
Electrophysiology
Organotypic hippocampal cultures were excised from the silicone
membrane and placed tissue side down onto a planar microelectrode
array (MEA; MultiChannelSystems, Reutlingen, Germany) that had
been previously treated with 5 lL of coating solution (1 cm
2
nitrocellulose ﬁlter dissolved in 10 mL of methanol). The desired
orientation of the tissue with respect to the electrodes was achieved
by precise positioning of the culture using a Zeiss Stemi SV6
microscope. Typically, the cultures were in contact with 40–55
electrodes as determined visually. Adhesion to the electrodes was
ensured through a combination of the adhesive coating solution and
capillary action. The chamber was then ﬁlled with artiﬁcial
cerebrospinal ﬂuid (aCSF) while carefully holding the culture in
place and an image (Leica DC300 digital camera; Leica, Milton
Keynes, UK) was taken for future reference of electrode positions
(Fig. 2a). Cultures were perfused (2 mL/min) with aCSF of the
following composition (in mmol/L): 124 NaCl, 3 KCl, 1 NaH2PO4,
1 MgSO4, 26 NaHCO3, 2 CaCl2 and 10 D-glucose, which was
continuously bubbled with 95% O2–5% CO2. Both the perfusing
solution and the recording chamber were warmed to maintain
cultures at 35–37 C.
Input–output (I/O) relationships were determined by stimulation
in the middle of the DG and recording throughout the whole culture
(Fig. 2a). Responses from all electrodes in contact with tissue were
averaged to obtain the value for each culture and stimulation
intensity. In each case, the channel where electrical stimulation
436 H. L. Cater et al.
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curve. For spontaneous activity recordings, a channel giving the
largest response amplitudes in CA1 was chosen for analysis. The
frequency of events was found to be very similar across all
electrodes in this region of the culture. Data were sampled at 20 kHz
and analysed ofﬂine using MultiChannelSystems, pClamp 9 and
Origin 7.5 software. Results were plotted as mean ± SEM.
Statistical analysis was performed using a multivariate ANOVA
followed by Bonferroni’s post hoc tests where p < 0.05 was
considered to be statistically signiﬁcant. Because of the nature of
the electrophysiological recordings which required removal of the
slice cultures from the silicone membrane, the data for each time
point were acquired in different slice cultures.
Results
Based on previous studies (Morrison et al. 2003; Cater et al.
2006) which characterized the relationship between the
biomechanical loading and the level of cell damage, we
deﬁned two injury paradigms: a moderate injury paradigm
(E = 0.10, E¢ = 20/s), the threshold for producing clinical
symptoms of TBI (Margulies et al. 1990), and a severe injury
paradigm (E = 0.35, E¢ = 10/s). In previous work, cell death
was shown to be delayed by at least 48 h post-injury and was
maximal at 96 h post-injury (Morrison et al. 2003; Cater
et al. 2006).
Characterization of injury after stretch
Hallmark morphological features of post-traumatic injury
in vivo include changes such as process damage (Folkerts
et al. 1998; Singleton et al. 2002) and degenerating neur-
onal cell bodies (Lowenstein et al. 1992; Blaha et al. 2000;
Singleton and Povlishock 2004). We describe post-traumatic
damage 4 days post-injury with histology and immunohisto-
chemistry (Fig. 1). As exempliﬁed in Figs 1a and b, we
observed that the severe injury paradigm resulted in the
tissue becoming darker and the edges of the culture
retracting. Although the culture retracts, it does not detach
from the membrane, and we have previously shown that the
organotypic slice cultures remain well adhered to the
membrane up to Lagrangian strains of 0.35 (Cater et al.
2006). Corresponding PI ﬂuorescence images demonstrated
increased ﬂuorescence within the neuronal cell body layers
following severe injury (Fig. 1d) compared with sham
injured cultures which demonstrated very little PI ﬂuores-
cence (Fig. 1c). Histological analysis of toluidine blue
stained resin sections indicated that the in vivo hippocampal
structure was well maintained in sham-injured cultures
(Fig. 1e). Neuronal proﬁles in sham cultures were rounded
and contained clearly deﬁned neuronal cytoplasmic com-
partments, which were darkly stained. Nuclear compart-
(a) (b)
(d) (c)
(e) (f)
(h) (g)
Fig. 1 Images of organotypic slice cultures taken 4 days after sham
injury (a, c, e and g) or after a severe stretch injury of 0.35 Lagrangian
strain applied at 10/s (b, d, f and h). Light transmission images (a and
b) and corresponding PI ﬂuorescence images (c and d) demonstrated
the gross tissue damage that occurs following severe stretch injury
(scale bar = 1 mm). More detailed morphological changes to the CA1
neuronal cell bodies were visualized in 2 lm resin sections stained
with toluidine blue (e and f; scale bar = 25 lm). Following a severe
stretch injury the cell bodies lost their rounded morphology, and an
increase in tissue vacuolation occurred. The cell bodies became
shrunken and misshapen. Sham injured cultures possessed bIII-tubulin
immunoreactive cell bodies and processes with regular organization
(g: scale bar = 25 lm). Cultures exposed to a severe injury showed
reduced immunoﬂuorescence, a loss of process deﬁnition when
compared with sham injured cultures, and a fragmentary pattern of bIII-
tubulin immunoreactivity, suggestive of process damage (h; scale
bar = 25 lm).
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stained nucleolus. In contrast, neuronal morphology in the
severe injury group was disrupted with cell proﬁles
frequently misshapen and shrunken with a more darkly
stained nucleus (Fig. 1f).
Sham injured cultures showed bIII-tubulin immunoreactive
cell bodies and processes with a tightly packed and regular
organization with processes extending away from the cell
body layer in a generally perpendicular direction (Fig. 1g).
Cultures subjected to a severe injury showed a reduction in
immunoﬂuorescence and loss of process deﬁnition (Fig. 1h).
Severely injured cultures also displayed a fragmented pattern
of bIII-tubulin immunoreactivity, suggestive of process
damage. Cultures subjected to a moderate injury displayed
similar but less striking morphological changes (data not
shown).
Field excitatory post-synaptic potentials (fEPSP) and
population spike amplitudes in response to increasing
stimulus intensities were measured in sham injured and
severely injured organotypic slice cultures immediately after
the injury (Fig. 2c), 24 h after the injury (Fig. 2d) and 4 days
after the injury (Fig. 2e). The fEPSP and population spike
amplitudes were decreased by approximately 28% and 20%,
respectively, at maximal stimulus intensity (non-signiﬁcant)
immediately following a severe injury compared with
controls. At 24 h after a severe injury, fEPSP amplitude
was increased approximately 20% whereas population spike
amplitude was decreased by approximately 18% at the
highest stimulus intensity. By 4 days post-severe stretch
injury, both EPSP amplitudes and population spike ampli-
tudes were signiﬁcantly decreased at stimulus intensities of
70 lA and above compared with sham injured slice cultures
(approximately 72% and 70% decreased, respectively, at the
highest stimulus intensity).
Effect of pharmacological antagonists on damage after
stretch injury
To characterize the pharmacological proﬁle of the stretch-
induced damage, we studied the effect of various antagonists
to glutamate receptors and voltage-dependent calcium chan-
nels (VDCC) following both severe and moderate stretch
injuries. Following severe stretch injury (Fig. 3) the non-
competitive N-methyl-D-aspartate (NMDA) receptor antag-
onist MK-801 signiﬁcantly attenuated cell damage in all
three neuronal regions. However, the competitive NMDA
receptor antagonist CPP did not signiﬁcantly reduce the level
of cell damage. The N-type VDCC antagonist CTX MVIIA
signiﬁcantly reduced the level of damage in the CA1 region,
but not in the CA3 or the dentate. Although the level of cell
damage was decreased with the L-type VDCC antagonist,
nifedipine, it did not reach statistical signiﬁcance.
The pharmacological proﬁle of stretch injury in organo-
typic hippocampal slice cultures was further examined using
a moderate stretch injury (Fig. 4). 10 lmol/L MK-801 was
signiﬁcantly neuroprotective against moderate stretch injury
in all neuronal regions. A dose response of MK-801 against
moderate injury demonstrated that MK-801 was neuropro-
tective down to 0.1 lmol/L. CPP was also signiﬁcantly
neuroprotective in all three neuronal regions after the
moderate strain injury. The a-amino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid (AMPA)/kainate antagonist
GYKI53655 was also signiﬁcantly protective following
moderate stretch injury in all three neuronal regions.
The L-type VDCC antagonist nifedipine was signiﬁcantly
neuroprotective against the moderate injury in all three
neuronal regions (Figs 4d–f). Nifedipine at a concentration
of 30 lmol/L may be less selective for the L-type calcium
channel and could potentially block other VDCCs. A dose
response for nifedipine showed that it was still neuroprotec-
tive against moderate injury at concentrations of 3 and
10 lmol/L in all neuronal regions. However, application of
the N-type VDCC antagonist CTX MVIIA (0.5 lmol/L)
before and after a moderate injury did not signiﬁcantly
reduce cell damage (Fig. 4).
The neuroprotective effect of MK-801 and nifedipine on
electrophysiological function was tested 4 days following
severe injury (Fig. 5). Severe stretch injury resulted in
signiﬁcantly depressed EPSP and population spike ampli-
tudes compared with sham injured cultures (MK-801 group,
Figs 5a and c: p < 0.05 at stimulus intensities above 30 lA
for EPSP and above 50 lA for PS; Nifedipine group, Figs 5b
and d: p < 0.05 for stimulus intensities above 70 lA).
Addition of MK-801 applied for 30 min prior to a severe
stretch injury and during the recovery period (Figs 5a and c)
led to partial recovery of the post-stretch EPSP and
population spike amplitudes, which was statistically different
from the severe stretch injury group (EPSP: p < 0.05 at
stimulus intensities above 50 lA; PS: p < 0.05 at stimulus
intensities above 40 lA). Addition of nifedipine (Figs 5b
and d), applied in a similar manner to MK-801, also led to
recovery of the evoked responses. The overall treatment
effect of nifedipine on the EPSP and PS amplitudes
compared with the severe stretch injury group was signiﬁcant
(p < 0.05, observed power of 0.71 and 0.80, respectively)
but did not reach signiﬁcance in post hoc tests at the
individual stimulus intensities. The nifedipine treated group
responses were not statistically different from sham group
responses.
Severe stretch also affected spontaneous electrophysiolo-
gical activity of the slice cultures. Figure 6 shows a
representative trace which illustrates that spontaneous activ-
ity was reduced in both frequency and amplitude following a
severe injury. This reduction is shown graphically in Figs 6b
and c, where both frequency and amplitude are signiﬁcantly
attenuated compared with sham injured cultures. Application
of 30 lmol/L nifedipine before a severe stretch injury and for
the duration of the recovery period resulted in a signiﬁcant
increase in the frequency and the amplitude of spontaneous
438 H. L. Cater et al.
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application of MK-801 increased the frequency of sponta-
neous activity but not statistically signiﬁcantly.
The effect of MK-801 on preserving cell morphology was
evaluated by using MAP-2 as a marker for neuronal
processes (Fig. 7). Decreases in MAP-2 expression have
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Fig. 2 Following either a sham injury or a
0.35 Lagrangian strain injury at 10/s,
extracellular ﬁeld potentials were recorded
from organotypic slice cultures using a
microelectrode array. (a) Example of a
typical culture with clearly visible hippo-
campal morphology positioned on the array
chip. The electrodes can be seen as regu-
larly spaced dark spots underneath the tis-
sue. Evoked responses were generated
following stimulation in the dentate gyrus,
and responses across all electrodes were
analysed. (b) Representative ﬁeld potential
traces were recorded from the CA1 region.
The position of both the stimulating and the
recording electrodes are indicated by the
two circled electrodes. The ﬁeld excitatory
post-synaptic potential (fEPSP) and popu-
lation spike components of the trace are
displayed; arrows indicate where the
measurements were taken for determin-
ation of the fEPSP and the population spike
amplitudes; asterisks denote the stimulus
artefact. Input–output curves were obtained
for fEPSPs and population spikes, recorded
immediately following the injury (c), 24 h
after the injury (d) or 4 days after the injury
(e: sham injury h; 0.35, 10/s injury ). The
functional activity of organotypic slice cul-
tures following severe stretch injury was
signiﬁcantly decreased 4 days after injury
compared with sham injured cultures
(p < 0.05 vs. sham injured for all fEPSP and
population spike amplitudes recorded at
stimulus intensity values above 70 lA).
(Data expressed are mean ± SEM, n =6 –
20 cultures per treatment group).
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et al. 1999; Huh et al. 2003), and we considered this to be an
effective marker for visualization of the protective effect of
MK-801. Four days after a severe injury, PI ﬂuorescence
in organotypic slice cultures treated with MK-801 was
decreased (Fig. 7b) in comparison to untreated cultures
(Fig. 7a). A loss of MAP-2 staining from some dendritic
processes was observed in severely injured cultures, whereas
other dendritic processes exhibited an increased expression
of MAP-2, possibly because of damage-induced accumula-
tion of the MAP-2 protein (Figs 7c and e). Addition of
10 lmol/L MK-801 before and after a severe injury resulted
in preservation of uniform MAP-2 staining within dendritic
processes and throughout the organotypic slice culture
(Figs 7d and f).
Discussion
This study highlights the advantages of organotypic in vitro
slice cultures for making multi-modal measurements in the
same, complex, tissue sample. We have previously studied
the relationship between the mechanical parameters of strain
and strain rate. We demonstrated that increased strain but not
strain rate leads to increased cell damage, and that the cell
damage developed gradually over a period of 4 days,
implying a slow progressive neurodegeneration (Morrison
et al. 2003, 2006). This is the ﬁrst study to show detailed
pharmacological, morphological and electrophysiological
characterization of the response to stretch injury in organ-
otypic rat hippocampal slice cultures and demonstrates that
many of the elements necessary to produce delayed neuro-
degeneration following an initial traumatic insult are present
in an ex vivo preparation. We have shown that stretch injury
leads to morphological changes in neuronal cell bodies and
processes and to a loss of synaptic function. The signiﬁcant
loss of synaptic function, after a period of 4 days (Fig. 2),
was accompanied by morphological changes suggestive of
dendritic damage identiﬁed by both bIII-tubulin immunore-
activity and a loss of MAP-2 immunostaining (Fig. 7) (Cater
et al. 2004). Furthermore, we demonstrated that application
of MK-801 attenuated cell damage (Figs 3, 4 and 7),
dendritic damage (Fig. 7) and loss of synaptic function
(Figs 5 and 6). We also found that cell damage following
stretch injury in organotypic hippocampal slices was medi-
ated by both glutamate receptors and VDCCs (Fig. 4).
In vitro models provide an effective tool to study stretch
injury. However, most models have employed dissociated
primary cultures (Ellis et al. 1995; Cargill and Thibault
1996; Smith et al. 1999; Geddes and Cargill 2001; Wolf
et al. 2001; Pﬁster et al. 2003) in which the complex
interactions between neurons and glia and the inherent
in vivo connectivity between different neuronal populations
are largely lost. The organotypic slice model provides a well-
characterized platform for the in-depth study of TBI in a
complex cellular environment highly representative of the
in vivo anatomy and in which the interdependence between
neurons and glia is retained (Gahwiler et al. 1997;
Sundstrom et al. 2005).
Studies showing increased extracellular glutamate levels in
the rat brain following TBI have implicated glutamate in
post-traumatic neuronal degeneration (Palmer et al. 1993;
Matsushita et al. 2000). Increased glutamate measured by
microdialysis in patients correlated with poor outcome
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Fig. 3 The effect of various antagonists on cell damage following a
severe stretch injury of 0.35, 10/s. Of the glutamate receptor antago-
nists, only 10 lmol/L MK-801 signiﬁcantly attenuated the amount of
damage that occurred in CA1 (a), CA3 (b) and DG (c) compared with
severe injury without drug-treatment. CTX MVIIA was signiﬁcantly
neuroprotective in the CA1 region only, whereas nifedipine was not
neuroprotective. (Data expressed are mean ± SEM; ***p < 0.001 and
**p < 0.01 vs. injury; n = 24 cultures per treatment group).
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  2007 The Authorsfollowing severe trauma (Koura et al. 1998). In this study,
we found that the NMDA receptor antagonist MK-801
attenuated cell damage, process damage and functional loss
following stretch injury. Our results are in agreement with
other studies documenting the neuroprotective effects of
MK-801 in TBI and trauma (Regan and Choi 1994;
Ikonomidou and Turski 1996). MK-801 has been shown to
reduce neuronal damage following impact-acceleration
trauma in vivo (Goda et al. 2002), impact injury in organo-
typic slice cultures (Adembri et al. 2004) and mechanical
trauma combined with metabolic inhibition in vitro (Allen
et al. 1999). MK-801 improved cognitive function in rats
when administered prior to ﬂuid percussion injury (Hamm
et al. 1993) and improved functional outcome following
mild cortical contusion (Lewen et al. 1999). However, other
studies have reported conﬂicting results, concluding that
MK-801 did not reduce neuronal death following weight-
drop injury or mild cortical contusion (Lewen et al. 1996,
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Fig. 4 The effect of glutamate receptor antagonists (a, b and c) and
VDCC antagonists (d, e and f) on cell damage measured at 4 days
following a moderate stretch injury of 0.10, 20/s. MK-801, CPP and
GYKI36566 were all signiﬁcantly neuroprotective following a moderate
stretch injury in CA1 (a), CA3 (b) and DG (c). Nifedipine but not CTX
MVIIA was signiﬁcantly neuroprotective in CA1 (d), CA3 (e) and DG (f)
down to a concentration of 3 lmol/L. (Data expressed as mean ±
SEM, ***p < 0.001, **p < 0.01 and *p < 0.05 vs. injury; n = 24 cultures
per treatment group).
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buted to neurotoxicity (Lewen et al. 1996). In contrast to our
study, these studies administered MK-801 at 1, 3 or 21 days
after the injury. Our previous study demonstrated that cell
damage increases up to a period of 4 days (Cater et al. 2006),
and long-term, in vivo studies demonstrated that post-
traumatic damage can continue to develop over months
following the initial trauma (Pierce et al. 1998). In our study,
MK-801 may have delayed neurodegeneration, rather than
prevented it. The optimal dosing regimen for NMDA
receptor antagonists remains an open question. However,
our model allows for continuous monitoring of the post-
traumatic sequelae and could prove a valuable tool for
directly assessing the effective time-course of pharmacolo-
gical interventions.
In contrast, the competitive NMDA glutamate receptor site
antagonist CPP was neuroprotective following a moderate
stretch injury but not following a severe stretch injury. CPP
was neuroprotective in rat neonates and adults after mechan-
ical percussion injury (Ikonomidou and Turski 1996) and
improved neurological function following ﬂuid percussion
injury in vivo (Faden et al. 1989). The differential effect of
CPP may be due to greater extracellular glutamate concen-
tration after severe versus moderate injury. The increased
glutamate could out-compete the competitive antagonists,
rendering it less effective in the severe injury paradigm.
a-Amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid
receptor antagonists are neuroprotective in models of TBI
and spinal cord injury (SCI). We found that the highly
selective AMPA receptor antagonist, GYKI53655 was sig-
niﬁcantly neuroprotective following a moderate injury.
Although this is the ﬁrst trauma study that has investigated
GYKI53655, its predecessor GYKI52466 was neuroprotec-
tive in SCI (Colak et al. 2003). NBQX was neuroprotective
following mechanical percussion injury in vivo in adult rats
(Ikonomidou and Turski 1996) and attenuated damage
following SCI (Agrawal and Fehlings 1997). NBQX was
neuroprotective following impact-acceleration injury in rats
and was more effective than MK-801 in preventing axonal
injury (Goda et al. 2002). The less selective AMPA receptor
antagonist, 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX)
was neuroprotective following weight drop injury in organ-
otypic slice cultures (Krassioukov et al. 2002) and SCI
(Agrawal and Fehlings 1997). However, CNQX but not
NBQX was neuroprotective following transection of cortical
neuronal culture, which the authors suggested was due to the
effect of CNQX on NMDA receptors (Regan and Choi
1994). Our in vitro results are consistent with other in vitro
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Fig. 5 Effect of pharmacological antagonists on functional activity
measured at 4 days. Input–output curves were generated for ﬁeld
excitatory post-synaptic potentials (fEPSPs) (a and b) and population
spikes (c and d) following a sham injury (h), after a severe stretch
injury ( ) or in the presence of MK-801 (a and c) and nifedipine (b and
d) (d). Application of either MK-801 or nifedipine led to a recovery of
electrophysiological function following a severe stretch injury. The
effect of MK-801 was signiﬁcantly different compared with the severe
stretch injury group for PS elicited at stimuli above 40 lA and for
EPSPs elicited at stimuli above 50 lA( p < 0.05). The overall effect of
the Nifedipine treatment was signiﬁcantly different compared with the
severe injury group (observed power: PS = 0.80, EPSP = 0.71), but
there was no statistical signiﬁcance at individual stimulus intensities.
(Data expressed are mean ± SEM, n = 6–20 cultures per treatment
group).
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  2007 The Authorsresults and in vivo data suggesting that similar glutamatergic
mechanisms are operant in our model.
In our study, damage following stretch injury was
mediated, in part, through VDCCs, in a potentially sever-
ity-dependent manner. Following moderate stretch injury, an
L-type antagonist (nifedipine) was more effective than an
N-type (CTX MVIIA). Following severe injury, VDCC
antagonists were much less effective. The L-type antagonist
nifedipine was no longer effective, whereas the N-type
antagonist was effective in the CA1 region only. In other
studies, the N-type VDCC antagonist SNX-185 was neuro-
protective following lateral ﬂuid percussion injury and
improved behavioural measures of function (Lee et al.
2004). Another N-type antagonist, SNX-111 (Ziconotide)
improved behavioural outcome, memory and learning fol-
lowing diffuse brain injury (Berman et al. 2000), as well as,
reduced calcium accumulation in the cerebral cortex follow-
ing lateral ﬂuid percussion injury in rats (Samii et al. 1999).
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Fig. 6 Effect of severe stretch injury on spontaneous activity recor-
ded from organotypic hippocampal slice cultures. (a) Representative
traces illustrate the level of spontaneous activity in a slice culture
4 days following either a sham injury or a severe stretch injury. Severe
stretch injury reduced both the frequency (b) and amplitude (c) of
spontaneous activity, which recovered with the addition of nifedipine.
(Data expressed are mean ± SEM. ***p < 0.001, *p < 0.05, n = 5–7
cultures per treatment group).
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Fig. 7 At 4 days following severe stretch injury, PI ﬂuorescence was
evident in all the neuronal regions (a), but was reduced in the pres-
ence of MK-801 applied before and after the insult (b: scale
bar = 1 mm). At 4 days, cultures exposed to a severe stretch injury
showed overall a decreased MAP-2 immunoreactivity (c) with patches
of intense staining compared with cultures maintained in MK-801 fol-
lowing a severe stretch injury (d: scale bar = 100 lm). The compar-
ison between these patches of intense MAP-2 staining evident in
cultures subjected to a severe stretch injury (e) and cultures main-
tained in MK-801 (f) is more readily apparent under higher magniﬁ-
cation (scale bar = 20 lm). The cultures were counterstained with
haematoxylin to highlight the neuronal cell bodies.
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calcium increases following SCI are mediated through
L-type VDCCs rather than through NMDA receptors
(Leybaert and de Hemptinne 1996; Winkler et al. 2003).
At high rates of deformation (10/s), intracellular calcium
concentrations increased exponentially with magnitude of
stretch (Cargill and Thibault 1996). This differential calcium
loading may account for the lack of effect of L-type calcium
channels following a severe injury compared with a
moderate injury. After injury, calcium may enter cells
through both glutamate-activated channels and VDCCs. In
the moderate injury paradigm, blocking calcium entry
through the VDCCs could reduce the calcium load
sufﬁciently to provide neuroprotection (Randall and Thayer
1992). Following severe injury, the calcium ﬂux through
glutamate–activated channels alone could be sufﬁcient for
cell death, such that VDCC inhibition could not sufﬁciently
reduce the calcium inﬂux. Glial cells affect calcium uptake
following TBI and SCI which may be linked to upregulation
of L-type channels on reactive astrocytes after TBI
(Westenbroek et al. 1998). Blocking L- and N-type channels
on astrocytes and oligodendrocytes in spinal cord white
matter improved the recovery of electrophysiological func-
tion following SCI (Agrawal et al. 2000). Further studies
using our model could distinguish the neuronal and glial
components of calcium’s involvement in TBI. In addition, a
previous study demonstrated that CTX MVIIA rather than
nifedipine was neuroprotective against hypoxia in organo-
typic hippocampal slice cultures (Pringle et al. 1996). The
protective effect of nifedipine in our model was lost as the
injury severity was increased, suggesting that NMDA-
related mechanisms may dominate in the severe injury
paradigm. Blockade of N-type VDCCs could prevent post-
traumatic, pre-synaptic glutamate release and, therefore,
could be more neuroprotective against severe injuries
compared with L-type antagonists.
Electrophysiological studies have documented a variety of
changes following trauma both in vivo and in vitro. Evoked
hippocampal activity is depressed acutely after injury with
fEPSP magnitude decreased by 36% in one study (Reeves
et al. 2000) and population spike and fEPSP magnitudes
decreased by over 30% in another study (Miyazaki et al.
1992). In the current study, fEPSP and population spike
magnitudes were decreased by approximately 30% and 20%,
respectively, immediately post-injury. This initial suppression
of evoked activity is consistent with other in vitro studies
(Wallis and Panizzon 1995; Panizzon et al. 1998; Prado et al.
2005). Acute network activity alteration could be the result of
documented post-injury changes at the single cell level
including loss of magnesium block of the NMDA receptor
(Zhanget al.1996),lossofAMPAreceptordesensitizationand
increasedAMPAcurrents(Goforthet al.1999,2004),stretch-
induced delayed depolarization because of Na
+/K
+ ATPase
inhibition (Tavalin et al. 1995, 1997), and potentiation of
GABAA inhibitory currents. However, extrapolation of chan-
ges at the single cell level in dissociated cultures to network
effects is difﬁcult, but could be facilitated by our model.
One day after injury, changes in electrophysiological
function were mixed and non-statistically signiﬁcant. fEPSP
magnitude was increased by approximately 20% whereas
population spike magnitude was decreased by approximately
20% in injured cultures. Increased activity has been reported
in a number of in vivo studies at intermediate time points from
48 h (Sick et al. 1998) to 1 week (Lowenstein et al. 1992;
Toth et al. 1997; Witgen et al. 2005) and has been explained
by either a loss of inhibitory cells or reduction in inhibitory
inputs. The reduction of population spike magnitude could be
due to a developing loss of excitatory cells. In a previous
study, we have shown that cell death is progressive over
4 days post-injury (Cater et al. 2006) resulting in approxi-
mately a 45% cell loss in CA1 and CA3 and a 25% cell loss in
DG. The signiﬁcant reduction of evoked potentials at 4 days
post-injury (approximately 70% decrease of both fEPSP and
population spike magnitudes) is likely a consequence of this
cell loss. Longer term in vivo studies have reported increased
evoked activity and reduced seizure thresholds at 7 days post-
injury (Lowenstein et al. 1992; Santhakumar et al. 2001,
2003), a later time point compared with our current study.
These changes have been explained by compensatory neur-
onal sprouting throughout the hippocampus. Future studies
could examine longer term electrophysiological function and
sprouting to determine the long-term ﬁdelity of our model
system to the in vivo pathology.
In conclusion, we have demonstrated that complex in vivo
mechanisms of post-traumatic neurodegeneration are reca-
pitulated in an ex vivo model of stretch injury in organotypic
hippocampal slice cultures. Blocking NMDA receptors
decreased neuronal process injury, and blocking NMDA
and VDCCs decreased cell damage and prevented post-
traumatic loss of synaptic function. The prevention of cell
death by MK-801 was substantiated by preserved synaptic
activity and prevention of degenerative morphological chan-
ges. We believe that our model of in vivo stretch injury may
be a powerful tool for elucidating neurodegenerative mech-
anisms operant after TBI and shows promise as an alternative
to animal models for proﬁling new therapeutic compounds.
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